Abstract. Physical-Layer Network Coding (PNC) employed on a conventional two-way relay communications is an active research area due to the potential doubling of the throughput compared with traditional routing. In this paper, we investigate the effects of impulsive noise added at the relay and sink nodes of a TWRC employing link-by-link coded PNC. The Gaussian mixture model is chosen to model the impulsive noise and the performance of bit-interleaved coded modulation with iterative decoding (BICM-ID) and turbo codes on the conventional two-way relay communications is evaluated through simulation results for different mixtures, α, of impulsive noise. For high and low values of α the turbo codes outperform trellis BICM, but it is shown that for values between α = 0.1 and α = 0.5, a PNC system with trellis BICM outperforms a comparable PNC system with turbo codes, where both coding schemes have the same block size, code rate and constraint length.
Introduction
Physical-layer network coding (PNC) is a technique for wireless two-way relay communications [1] , which exploits interference at a relay node to boost the throughput. In [2] , Hausl introduced an extension of the conventional two-way relay communication with a joint network-channel coding method for PNC. Zeng et al. [3] presented the noncoherent detection of iterative differential phase-shift keying (DPSK) demodulation for PNC combined with turbo codes on a conventional two-way relay communications. There are several studies on trellis BICM combined with PNC on a conventional two-way relay communications. In [4] , Xu et al. showed that trellis BICM can significantly improve the BER performance of a PNC system by applying a suitable iterative demapping and decoding framework and proper constellation mapping schemes specially designed for PNC.
In this paper, we consider a type of PNC called link-by-link PNC [6] , where encoding and decoding takes place at the relay and source nodes in both time slots. It is generally assumed that the noise added at the relay and sink nodes has a Gaussian distribution, but there are some scenarios where the noise could be impulsive. Impulsive noise can severely degrade performance of communication systems; and more importantly, PNC will be an important methodology for boosting the throughput in the above scenarios. After a review of the literature it appears that the effect of impulsive noise on a conventional two-way relay communications employing PNC has not been considered. To investigate this, turbo codes and trellis BICM have been chosen as their encoders are both based on convolutional codes and their decoders are based on the turbo principle. For a fair comparison, we look at trellis BICM and turbo codes with the same component convolutional encoders. The Gaussian mixture model (GMM) has been selected [7] [8] with a probability density function (pdf), p(x), that is defined by two-terms, i.e.,
where 0 ≤ α ≤ 1, is the mixture constant, with larger values of α denoting more impulsiveness. The terms p a (x) and p b (x) are two Gaussian pdfs, where p b (x) has a much larger variance than p a (x), and p(x) is the resulting heavy-tailed distribution. In this paper, trellis BICM and turbo codes are combined with PNC on a conventional two-way relay communications with impulsive noise of different mixtures α. The structure of this paper is presented as followings: Section II describes the system model of link-by-link channel-coded PNC on a conventional two-way relay communications. In Section III, a derivation of the log-likelihood ratios (LLRs) of the received symbols at the relay effected by impulsive noise for the turbo decoder and the trellis BICM demapper and decoder is presented. In Section IV, simulation results and discussions are presented and conclusions are given in Section V.
System Model
The system model of the conventional two-way relay communications employing trellis BICM combined with PNC is shown in Fig.1 . During the MAC phase two assumptions are made: The channel has perfect synchronization and power control and the relay receives packets from each node with the same symbol energy E [9] . {0,1} n , where n is the length of the codes. The two trellis BICM code words are interleaved and mapped to a quadrature phase shift keying (QPSK), where anti-Gray mapping is used to ensure the trellis BICM iterative decoder achieves a coding gain with each iteration [4] . It is also assumed that the source and relay employing the same interleavers. Therefore, the received information sequence at the relay can be expressed as [10] 
Iterative Decoding Schemes Combined with PNC Turbo Decoding at the Relay
The turbo decoder comprises two soft-input-soft-output (SISO) component decoders, which exchange the extrinsic and the a priori information with each other in an iterative manner.
Essentially, the turbo decoder will be decoding a vector of LLR values that give a measure of the reliability of the combination of both source nodes codewords. Since turbo codes are linear this means the sum of any two codewords is another valid codeword, which can also be decoded. 
The conditional pdf of y given that ݉ ோ ሺଵሻ = 0 is determined as:
where σ is the noise variance, y I is the real part of y and y Q is the imaginary part. Similarly, the conditional pdf of y given that the ݉ ோ ሺଵሻ = 1 can be determined as well. Therefore, by substituting (3) into (2), the LLR of first demapped bit ‫ܮ‬ቀ‫ݕ‬ቚ݉ ோ ሺଵሻ ቁ can be simplified to [11] :
When impulsive noise is added at the relay, the pdf from the GMM in (1) is substituted into the above expressions. By substituting (1) into (4), the LLR of ‫ܮ‬ ீ ቀ‫ݕ‬ቚ݉ ோ ሺଵሻ ቁ and ‫ܮ‬ ீ ቀ‫ݕ‬ቚ݉ ோ ሺଶሻ ቁ can be derived respectively.
Trellis BICM at the Relay
For trellis BICM, it is a spectrally efficient coded modulation scheme that has been shown to perform well under suitable signal mapping schemes with iterative demapping-decoding. i,e., the BICM-ID [12] . The operation of the demapper is described in [12] , and in this paper decoding is realized with the log-MAP algorithm [13] . The demapper exchanges extrinsic information and a priori information with the decoder for each iteration. In order to demap the received symbol, the conditional LLRs of the received symbol, ‫ܮ‬ቀ‫ݕ‬ቚ݉ ோ ሺଵሻ ቁ and ‫ܮ‬ቀ‫ݕ‬ቚ݉ ோ ሺଶሻ ቁ are derived. ‫ܮ‬ቀ‫ݕ‬ቚ݉ ோ ሺଵሻ ቁ has given in (2), which can also be expressed as:
Assuming that all the coded bits are independent due to the bit interleaving, the joint probabilities can be expressed as the product of individual probabilities. Cancelling out p(y) and factorizing reduces ‫ܮ‬ቀ‫ݕ‬ቚ݉ ோ ሺଵሻ ቁ to two terms and we can extract the common term and‫ܮ‬ ቀ‫ݕ‬ቚ݉ ோ ሺଵሻ ቁ are the a priori LLRs of the XORed message bits. Rearranging (2) we obtain:
and
By substituting (6) and (7) into (5), the LLR L(y|m (1) ) for the first received coded bit is
Applying the same procedure to derive the LLR of y conditioned on the second XORed message bit, ‫ܮ‬ ቀ‫ݕ‬ቚ݉ ோ ሺଶሻ ቁcan be derived as well.Since anti-Gray mapping is applied to the QPSK constellation for trellis BICM, the four conditional probabilities are:
where (s I ,s Q ) are the four corner points of the anti-Gray mapped nine-point constellation diagram.
Results and Discussion
In this section, the performance of link-by-link coded PNC employing trellis BICM or turbo codes on additive impulsive noise channels is evaluated at the relay of a conventional two-way relay communications through simulation results. At the relay, any large positive or negative impulses are clipped so that their energy is no greater than the transmitted symbol energy E. The performance of coded PNC is seriously affected on additive impulsive noise channels resulting in error floors, as shown in Fig.2 . For the turbo codes, a rate half (37, 21) 8 recursive systematic convolutional code (RSC) with a constraint length of five is used to obtain a rate half punctured turbo code, while the same RSC is also used for a rate half trellis BICM. From the results, the rate half trellis BICM performs worse than the rate half punctured turbo code when α is smaller than 0.1. The turbo code approximately a 4dB advantage when α = 0.01 at a BER of 10 -3 . However, when α is larger than 0.1, trellis BICM begins to outperform the turbo codes. Finally, when α ≥ 0.5 the channel is very impulsive and both coding schemes have a similar performance. In Fig.2 , it shows the water-fall region of turbo codes: when α ≥ 0.05, the water-fall region starts at around 20dB for both codes. However, by comparing the BER curves at α = 0.1 it can be seen that, the rate half trellis BICM outperforms the turbo code when the SNR is greater than 13dB with a 2.5dB coding gain at BER of 10 -4 . There are two reasons why trellis BICM outperforms turbo codes between this range of mixtures. First, when a large impulse is added to a QPSK symbol at the receiver, it effects both coded bits within that symbol. However, the presence of bit interleaving in the iterative receiver causes neighbouring effected bits to be spread out within the trellis of a convolutional code, which improves decoding performance. Second, between this range of mixtures there are sufficient by large impulses that will result in an increased number of unreliable symbols propagating through both decoders. This degrades the performance of the turbo codes, but trellis BICM comprises a single decoder and a demapper, which prevents the propagation of unreliable symbols. For α > 0.5 large impulses dominate the received symbols and both trellis BICM and turbo codes perform badly. Over all, turbo code outperforms when 0 ≤ α ≤ 0.1, trellis BICM shows its advantage when 0.1 ≤ α ≤ 0.5, and both codes achieve a poor performance when 0.5 ≤ α ≤ 1.
Conclusions
In this paper, the iterative decoding behaviour of trellis BICM and turbo codes combined with link-by-link PNC on additive impulsive noise channels has been investigated at the relay of a conventional two-way relay communications. We might expect that the turbo codes would always outperform trellis BICM on these channels, but simulation results have shown that in fact there is range of mixtures between α = 0.1 and α = 0.5 where trellis BICM actually outperforms turbo codes. This is because trellis BICM applies bit-interleaving that decreases the effects on neighboring bits and additionally it only has a single component decoder, which prevents the propagation of unreliable symbols. We have shown that trellis BICM is a good choice for link-by-link coded PNC on conventional two-way relay communications with additive impulsive noise, offering a good trade-off between performance and complexity. There is also great scope for more research in this area to achieve further improvements in performance, by investigating new signal processing techniques and channel code design methodologies specifically for impulsive noise channels.
